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Introduction
In response to elevated blood-glucose levels, a pancreatic-islet β-cell will release insulin in order to maintain glucose homeostasis. Dysfunction of this secretory response is considered to be one of the causal factors in the etiology of type 2 diabetes mellitus. More than 99% of the insulin that is secreted from the pancreatic β-cell is released via a regulated secretory pathway (Rhodes, 2000) . Within each β-cell, insulin is contained in dense core granules. Regulated insulin-granule exocytosis ensues when extracellular glucose levels rise and glucose enters the β-cell via the cell-surface-localized glucose transporter GLUT2 (Fig. 1) . Intracellular glucose is rapidly metabolized to yield a net increase in the ATP:ADP ratio (Kennedy et al., 1999; Malaisse and Sener, 1987) , triggering closure of ATPsensitive K + channels (K ATP ) and cell depolarization (Cook and Hales, 1984; Meglasson and Matschinsky, 1986) . Membrane depolarization induces the opening of voltage-gated Ca 2+ channels to increase the intracellular Ca 2+ concentration [Ca 2+ ] i (Rorsman et al., 2000; Safayhi et al., 1997; Satin and Cook, 1985) . In response to this rise in [Ca 2+ ] i , granules fuse with the plasma membrane in a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-dependent process (Rorsman et al., 2000) . This entire process is collectively referred to as 'stimulus-secretion coupling' -the rapid exocytosis that occurs within the initial 5-10 minutes of stimulation is referred to as the first phase, and the subsequent, less robust but sustained release is referred to as secondphase secretion. The second phase can become quantitatively very important, given that it can be sustained for up to several hours if elevated blood-glucose levels persist (Curry et al., 1968; Grodsky, 2000; Henquin et al., 2006; Kahn, 2001 ).
The biphasic release of insulin in response to glucose was first reported in the 1960s (Curry et al., 1968) . Despite subsequent decades of research, the molecular mechanism(s) underlying the biphasic response of the β-cell remain unresolved. Initial models, which suggested that the two phases of insulin secretion resulted from intra-islet β-cell heterogeneity or from different populations of β-cells preferentially secreting during first-or second-phase secretion, have since been discarded in favor of the currently accepted 'storage-limited model ' (Henquin et al., 2002) . In this model, it is proposed that biphasic secretion corresponds to the release of geographically or functionally distinct pools of insulincontaining granules (Cerasi et al., 1974; Daniel et al., 1999; Grodsky, 1972; O'Connor et al., 1980) . The first phase results from the rapid fusion of granules that are pre-docked at the plasma membrane; these pre-docked granules reside in what is referred to as the 'readily releasable pool' (RRP). Concurrently, granules that are deeper within the cell (referred to as the 'storage-granule pool') are mobilized to traffic to the cell periphery to replenish the RRP at the cell surface (Barg et al., 2002; Renstrom et al., 1996) . Methods including photorelease of caged Ca 2+ , repetitive stimulation and quantitative electron microscopy were used to estimate that a small pool (50-200) of the cell's >10,000 mature insulin-containing granules constitutes the RRP and accounts for first-phase insulin release (Barg et al., 2002; Straub et al., 2004) . Replenishment of the RRP begins during the first phase with the mobilization, docking and priming of previously non-releasable granules; these support second-phase insulin secretion, which is calculated to occur at a rate of 5-40 granules per cell per minute (Barg et al., 2002) . Although KCl and other non-nutrient
The release of insulin from pancreatic islets requires negative regulation to ensure low levels of insulin release under resting conditions, as well as positive regulation to facilitate robust responsiveness to conditions of elevated fuel or glucose. The first phase of release involves the plasma-membrane fusion of a small pool of granules, termed the readily releasable pool; these granules are already at the membrane under basal conditions, and discharge their cargo in response to nutrient and also nonnutrient secretagogues. By contrast, second-phase secretion is evoked exclusively by nutrients, and involves the mobilization of intracellular granules to t-SNARE sites at the plasma membrane to enable the distal docking and fusion steps of insulin exocytosis. Nearly 40 years ago, the actin cytoskeleton was first recognized as a key mediator of biphasic insulin release, and was originally presumed to act as a barrier to block granule docking at the cell periphery. More recently, however, the discovery of cycling GTPases that are involved in F-actin reorganization in the islet β-cell, combined with the availability of reagents that are more specific and tools with which to study the mechanisms that underlie granule movement, have contributed greatly to our understanding of the role of the cytoskeleton in regulating biphasic insulin secretion. Herein, we provide historical perspective and review recent progress that has been made towards integrating cytoskeletal reorganization and cycling of small Rho-, Rab-and Ras-family GTPases into our current models of stimulus-secretion coupling and secondphase insulin release.
secretagogues can evoke first-phase release, only fuel secretagogues such as glucose can yield a substantial and sustained second-phase insulin release (Gembal et al., 1992) . Although several of the clonal β-cell model systems do appear to secrete in a biphasic manner, they generally fail to fully replicate the kinetics of biphasic insulin release that are exhibited by an islet (Hohmeier et al., 2000; Noda et al., 1996) . Thus, there is a lack of connection between islet function and the data obtained from clonal β-cell lines; however, the use of these cell lines for molecular-mechanism-based studies is necessary because of the paucity of primary islet β-cells that are obtainable.
Whether or not the size of the RRP is kept constant remains a topic of investigation. For example, varying the stimulus intensity (of glucose and other stimuli) can induce dose-dependent changes in the amplitude of the first-phase release peak (Nesher and Cerasi, 2002) . Variations in pre-stimulatory glucose concentration also affect the magnitude and pattern of subsequent glucose-induced biphasic insulin secretion (Henquin et al., 2006) . These observations support the proposal that the pool size is not constant. Other signals, such as changes in granule properties or priming after docking, also impact insulin release (Barg et al., 2001; Daniel et al., 1999) . Another possibility is that the release competence of docked granules rather than the actual number of docked granules determines the size of the RRP; such actions are linked to secretion-potentiating agents such as glucagon-like-peptide-1 (GLP-1) and cAMP-releasing agents (Huypens et al., 2000) . Thus, the biphasic response might be the result of the sum of signals with differing dynamics at different levels of stimulation (Grodsky, 1972; Licko, 1973; Meissner and Atwater, 1976; Nesher and Cerasi, 1987; Nesher and Cerasi, 2002) . Recent utilization of total internal reflection fluorescence microscopy (TIRFM; Box 1) has added new variables to this list, such as the preferential release of younger (more recently synthesized) granules for first-phase release and older granules for second-phase release by human islet β-cells (Michael et al., 2007) . Although these data remain supportive of the storage-limited model, it has been proposed that first-phase secretion comprises the release not only of pre-docked granules, but also of newly recruited granules (Konstantinova et al., 2007; Ohara-Imaizumi et al., 2002; Ohara-Imaizumi et al., 2004) . Because of potential methodological caveats that are associated with TIRFM, this revised model awaits further independent confirmation.
In the etiology of type 2 diabetes, the contribution of β-cell dysfunction, which results in aberrant insulin release, is well accepted. Impairment of the first phase of glucose-induced insulin secretion has long and repeatedly been recognized as an early sign of β-cell dysfunction in patients with type 2 diabetes (Cerasi, 1975; Gerich, 2002; Pfeifer et al., 1981) . However, the second-phase insulin response is also impaired in patients with type 2 diabetes; the relatively 'normal' second-phase response is already reduced when matched for the degree of glucose elevation (Kahn, 2001; Polonsky et al., 1996; Porte, 1991; Ward et al., 1984) . Quantitatively, second-phase insulin secretion is important, because only ~1% of the total number of granules present release insulin to constitute first-phase secretion, whereas second-phase insulin secretion occurs at a rate of 5-40 granules per cell per minute over a period of hours (Barg et al., 2002) . In this Commentary, we focus on the advances that have been made in unveiling the mechanism(s) underlying biphasic insulin release. We place particular emphasis on studies that have been performed using the physiologically relevant primary islet (as opposed to clonal β-cells) as a model system in which to study the roles of the cytoskeleton, small GTPases and SNARE proteins in controlling the second phase of insulin release.
Journal of Cell Science 122 (7) Box 1. Key techniques used to study biphasic insulin secretion Islet perifusion Isolated islets are placed into a flow culture system to assess insulin release continuously and non-invasively with high kinetic resolution. Perifused islets exhibit biphasic insulin secretion in response to a step increase in glucose, which mimics the dynamic response in vivo. Islets of very high quality are required for clear biphasic data, and controversy exists over whether mouse or rat islets fully recapitulate the biphasic pattern that is exhibited by human islets, and over which of the two organisms is a better model of biphasic secretion.
Capacitance measurement
When a granule fuses with the plasma membrane, its own membrane is integrated into the plasma membrane. This leads to an increase in membrane area, which can be monitored electrically as an increase in surface membrane capacitance. However, changes in capacitance represent the sum of endocytosis and exocytosis, and as such this technique is considered most relevant for measurement of the rapid first phase of insulin release. Capacitance studies are usually performed with dispersed β-cells rather than with cells within the context of an intact islet.
Total internal reflection fluorescence microscopy (TIRFM)
TIRFM is used to view the dynamics of granule docking and fusion in living β-cells. Cells that express a fluorescent marker protein of the insulin-containing granule are studied, and TIRFM selectively illuminates the fluorescent granules only when they are within 100 nm of the inner leaflet of the plasma membrane. Docked granules are visible in this region and, upon fusion with the plasma membrane, emit a flash or burst of fluorescence as the marker protein is released. Similar to capacitance studies, TIRFM is usually performed with isolated β-cells. (1) and undergoes glycolytic and mitochondrial metabolism (2), which ultimately has the effect of increasing the ATP:ADP ratio (3). An increased ATP:ADP ratio leads to the closure of ATP-sensitive K ATP channels (4) and to membrane depolarization (5), which triggers the opening of voltage-dependent Ca 2+ channels (VDCCs) (6). The resulting influx of Ca 2+ (7) induces the fusion of insulin-containing granules with the plasma membrane and insulin release from the cell (8). PM, plasma membrane.
Role of the cytoskeleton in granule mobilization

Reorganization of filamentous actin
Early studies of isolated β-cells reported the presence of microfilamentous structures and found that they impacted stimulussecretion coupling (Malaisse et al., 1971; Orci et al., 1972) . Insulincontaining granules that were isolated from β-cells were found to co-sediment with filamentous actin (F-actin); the addition of Ca 2+ reduced the extent of their sedimentation with F-actin (Howell and Tyhurst, 1979) . Ultrastructural analysis indicated that F-actin was organized as a dense web beneath the plasma membrane; this web was hypothesized to impede access of insulin-containing granules to the cell periphery (Howell and Tyhurst, 1979; Orci et al., 1972; Snabes and Boyd, 1982; Somers et al., 1979; Wang et al., 1990) . Consistent with this notion, numerous studies using F-actindisrupting agents such as clostridial toxins and cytochalasins showed enhanced secretagogue-induced insulin secretion, suggesting that F-actin blocks granule movement (Li et al., 1994; Malaisse et al., 1975; van Obberghen et al., 1973) . However, such agents were later recognized as having off-target effects, resulting in discrepant data when used in HIT-T15 β-cells as opposed to primary islets (Li et al., 1994) . More recently, the more selective G-actin-binding agent latrunculin has been used to re-investigate the importance of F-actin in insulin release, and these experiments consistently resulted in the potentiation of stimulus-induced insulin release in multiple clonal β-cell lines, in rat and mouse islets, and most recently in human islets (Jewell et al., 2008a; Thurmond et al., 2003; Tomas et al., 2006) . In all cases, latrunculin was found to ablate the cortical F-actin network and to permit granule redistribution to the cell periphery. Perifused rat islets treated with latrunculin show dramatic increases in insulin secretion over the course of both phases . Given the granulemobilizing effect of F-actin depolymerization, it remains to be determined whether F-actin is actually required for first-phase secretion, or whether the enhancement of the first phase is instead an artifact of default granule flow to the cell periphery in the absence of the cortical F-actin barrier.
Phalloidin staining of F-actin and the use of the F-actin-nucleating and -stabilizing agent jasplakinolide in combination with confocal microscopy have revealed that glucose induces F-actin remodeling in primary and MIN6 or βHC9 clonal β-cells (Nevins and Thurmond, 2003; Thurmond et al., 2003; Tomas et al., 2006) . In combination with the finding that this occurred without alteration of the F-actin:G-actin ratio, these results were supportive of the concept of F-actin remodeling, as opposed to a general loss of cellular F-actin content, in response to glucose. Furthermore, non-nutrient secretagogues, such as KCl and non-metabolizable glucose analogs of D-glucose, were incapable of eliciting visible reorganization Wilson et al., 2001) . These data have led to the formulation of the current model, wherein nutrient stimulation induces F-actin reorganization as a means to initiate RRP replenishment during the first phase of insulin release. Because non-nutrient secretagogues cannot elicit effects on F-actin remodeling, it seems likely that nutrient-or glucose-induced F-actin remodeling is a key element in the mechanism(s) underlying granule mobilization through the F-actin cell web.
The coordination of F-actin remodeling and exocytosis in β-cells has been linked to F-actin-binding and -severing proteins such as gelsolin and scinderin. Specifically, a mutant line of MIN6 β-cells lacking gelsolin was shown to maintain a visibly intact cortical F-actin structure, although the cortical F-actin was refractory to reorganization in response to glucose stimulation (Tomas et al., 2006) . The mutant β-cells lacking gelsolin also had significantly impaired glucose-stimulated insulin secretion in static incubation studies (Tomas et al., 2006) . Scinderin has been proposed to induce cortical F-actin disassembly in mouse pancreatic β-cells (Bruun et al., 2000) . However, in the absence of islet perifusion or TIRFM of primary β-cells in these studies (see Box 1 for methodological details), the importance of gelsolin or scinderin in insulin release cannot yet be attributed to a particular phase of secretion.
Glucose stimulation has also been shown to transiently disrupt the interaction of F-actin with t-SNARE proteins at the plasma membrane to facilitate insulin secretion . This interaction, which was observed in both MIN6 β-cells and primary rat β-cells, was resistant to alteration in response to KClinduced secretion, and was disrupted by treatment of cells with latrunculin. More recently, we demonstrated that F-actin directly interacts with the first two N-terminal α-helical coiled-coil domains of the t-SNARE protein syntaxin-4 (Jewell et al., 2008a) , which is the syntaxin isoform that is implicated in mediating fusion of granules to support second-phase insulin release (Spurlin and Thurmond, 2006) . Selective competitive disruption of F-actinsyntaxin-4 binding correlated with enhanced glucose-stimulated insulin secretion, which was mediated by increased granule accumulation at the plasma membrane and increased syntaxin-4 accessibility (Jewell et al., 2008a) . Taken together, these data indicate that a working model of glucose-induced F-actin reorganization (Fig. 2) can be added to schematics of the stimulussecretion pathway, although mechanistic details -such as how glucose initiates disruption of the F-actin-syntaxin-4 association and how F-actin transiently re-associates with syntaxin -remain unclear.
Before the more recent studies that showed that F-actin reorganization occurs in β-cells, it was recognized that actin filaments provide some of the motive force behind granule transport (Orci et al., 1972; Wang et al., 1990) . Initially, the actin-associated motor protein myosin II was shown to be involved in insulin-granule transportation in HIT β-cells (Li et al., 1994) . Pre-treatment of HIT β-cells with a myosin light chain kinase (MLCK) inhibitor resulted in significantly diminished insulin release, and MLCK was found to colocalize with the insulin-containing granules. Following this discovery, myosin light chain (MLC) was seen to co-fractionate with the insulin-containing granules and to undergo secretagogueinduced phosphorylation, which is suggestive of a role in modulating translocation of secretory granules (Yu et al., 2000) . In RINm5F β-cells and rat pancreatic islets, myosin heavy chain (MHC) IIA colocalized to a large extent with F-actin (Wilson et al., 1999; Wilson et al., 2001 ). In addition to myosin II, myosin Va has been demonstrated to associate with insulin-containing granules (Waselle et al., 2003) . More recently, RNAi-mediated depletion of myosin Va from INS-1 or MIN6 clonal β-cells was shown to inhibit granule recruitment to the cell periphery and to cause significant decreases in glucose-stimulated and depolarization-evoked insulin secretion (Ivarsson et al., 2005; Varadi et al., 2005) .
Microtubule networks
Certain types of intracellular-organelle transport to the cell periphery, including the transport of insulin-containing granules, are thought to involve long-range movement of organelles by kinesins on microtubules, with subsequent handoff to vertebrate myosin Va for local delivery on actin tracks (Brown et al., 2004; Huang et al., 1999; Langford, 2002) . The concept of secretagogue-induced microtubule-based shuttling of insulin-containing granules was first introduced in the 1970s, when numerous studies reported the requirement for microtubules in biphasic insulin secretion (Lacy et al., 1972; Malaisse et al., 1975; Malaisse et al., 1974; McDaniel et al., 1980; Montague et al., 1976) . Early perifusion studies using microtubule-depolymerizing agents such as vinblastine and vincristine suggested that microtubules were required for both phases of secretion; however, studies using other microtubuledepolymerizing agents (colchicine and nocodazole, which are now the more commonly used drugs) suggested that the microtubule network is selectively important for the sustained second phase (Farshori and Goode, 1994) . Glucose was also found to induce the formation of microtubules in pancreatic islets, such that the dynamic equilibrium between microtubule polymerization and depolymerization was deemed to be important for insulin-granule mobilization (Howell and Tyhurst, 1986) . There is consensus among the studies mentioned above that microtubules in β-cells are important for the transfer of granules from the cell interior to the cortical actin filaments near the cell periphery, where they subsequently dock with SNARE proteins and release insulin, during second-phase secretion in particular (Fig. 3) .
Kinesins are microtubule-dependent ATPases that transport granules and vesicles. By 1992, the first β-cell kinesin protein was identified (Balczon et al., 1992) and later the cDNA encoding the β-cell kinesin heavy chain (KHC) was cloned (Meng et al., 1997) . By blocking KHC function using dominant-negative mutants or antisense oligonucleotides, multiple groups have shown the requirement for KHC in glucose-stimulated insulin secretion from clonal or primary mouse β-cells (Balczon et al., 1992; Donelan et al., 2002; Farshori and Goode, 1994; Meng et al., 1997; Varadi et al., 2002) . KHC, a 138 kDa phosphoprotein, was shown to become rapidly dephosphorylated by protein phosphatase 2Bβ (PP2Bβ) as [Ca 2+ ] i increased (Donelan et al., 2002) . Because inhibitors of PP2Bβ reduced the magnitude of the second phase of insulin release, these data supported and expanded upon previous studies that implicated kinesin in microtubule-based transport of insulin-containing granules for refilling of the RRP. Granule movement was stimulated dose-dependently by ATP in permeabilized clonal cells, prompting the proposal that the glucoseinduced increase in cytosolic ATP mediates the effects of glucose by enhancing kinesin activity (Varadi et al., 2002) ; this awaits confirmation in primary islets.
Small GTPases
Rho-family GTPases
Actin remodeling in several cell types is known to be regulated by the small Rho-family GTPases. This family of proteins is a subfamily of the Ras-related GTPase superfamily and contains more than ten members in mammals, including Rho, Rac and Cdc42 (Bishop and Hall, 2000) . The Rho-family GTPases cycle between the GDP-bound (inactive) and GTP-bound (active) states through the coordinated actions of several cycling factors. In brief, guanine-nucleotide exchange factors (GEFs) catalyze the release of GDP to promote the formation of the GTP-bound and active GTPase, GTPase-activating proteins (GAPs) stimulate GTPase activity (which leads to inactivation), and guanine-nucleotidedissociation inhibitors (GDIs) control the access of GTPases to GEFs and GAPs, as well as to membranes at which activated GTPase effectors reside (DerMardirossian and Bokoch, 2005) . In the 1990s, it was discovered that Cdc42 and Rac1 in particular participated in insulin secretion and colocalized to the insulincontaining granule (Kowluru et al., 1996; Regazzi et al., 1992) , as deduced through the use of a variety of toxins and inhibitors. From ] i triggers the exocytosis of pre-docked granules in the RRP to give rise to the first phase of insulin secretion (1). Concurrently, the metabolic signal also induces F-actin reorganization (2) and recruits granules to the plasma membrane (PM) to support the sustained second phase of insulin secretion (3). these early studies, it became clear that Cdc42 and Rac1 were particularly important for glucose-stimulated insulin secretion. Activation assays were later conducted using the highly selective p21-activated kinase protein-binding domain (PAK1-PBD) binding assay (which precipitates only the GTP-loaded form of Cdc42 or Rac1 from cell lysates), and both GTPases were found to become activated selectively in response to glucose, although they had distinct activation kinetics (Kowluru et al., 1997; Li et al., 2004; Nevins and Thurmond, 2003) .
Cdc42 becomes rapidly activated within 3 minutes of glucose stimulation (Nevins and Thurmond, 2003) , whereas Rac1 activation is not apparent until 15-20 minutes after stimulation (Li et al., 2004) ; the activated forms of each protein are localized to the plasmamembrane fraction of the cell, as is typical for cycling GTPases (Wang et al., 2007) . Cdc42 was found to cycle back to the GDP-bound form within 2 further minutes of glucose stimulation (~5 minutes of glucose stimulation in total), concomitant with an increase in glucosylation of Cdc42, a modification that is known to inactivate this protein (Just et al., 1995; Nevins and Thurmond, 2003) . Temporally, this correlated with the visualization of F-actin depolymerization at 5 minutes. Moreover, expression of the constitutively active form of Cdc42 (Q61L) inhibited glucosestimulated insulin secretion but did not affect K + -stimulated secretion, suggesting that glucose-stimulated insulin secretion requires that Cdc42 cycles to the GDP-bound state (Nevins and Thurmond, 2003) . Importantly, blockage of cycling using the Q61L mutant correlated with the formation of cortical F-actin that was resistant to reorganization in response to glucose stimulation. This was distinctly different from the response to constitutively active Cdc42 in PC12 neuroendocrine cells (Gasman et al., 2004) , and demonstrates the selective responsiveness of Cdc42 to glucose in the β-cell. This fits well with the concept that the β-cell uses its cytoskeleton differently from neuronal cells to regulate exocytotic events, which is consistent with the intrinsic differences between the patterns of release of neurotransmitters and insulin.
Cdc42 was recently demonstrated to be selectively required for the second phase of glucose-stimulated insulin release from isolated mouse islets and MIN6 β-cells (Wang et al., 2007) as well as from human islets (Z.W. and D.C.T., unpublished), as determined by transduction of islets with adenoviral Cdc42 shRNA. Cdc42 depletion also ablated the glucose-induced activation of the Cdc42-GTP-binding and effector protein PAK1. The activation of PAK1 in response to glucose occurred shortly after the activation of Cdc42 in MIN6 cells, at ~5 minutes of glucose stimulation (Wang et al., 2007) . Furthermore, depletion of either Cdc42 or PAK1 from MIN6 β-cells resulted in loss of glucose-induced Rac1 activation at 15 minutes, indicating that Cdc42 functioned as the proximal signal in a cascade flowing through PAK1 to Rac1. Consistent with this, islets that were isolated from PAK1 -/-mice have severely diminished secondphase insulin release in response to glucose stimulation (Z.W. and D.C.T., unpublished). Rac1 -/--knockout mice were also recently reported to exhibit reduced glucose-stimulated insulin release in static culture studies, with normal insulin secretion in response to KCl (Asahara et al., 2008) . Both PAK1 -/-and Rac1 -/-mouse models also exhibited impaired glucose tolerance in vivo, supporting the concept that defects in second-phase insulin release can have consequences for whole-body glucose homeostasis.
In 2004, Rac1 cycling was shown to be important for glucosestimulated insulin release, which was ablated in INS-1 β-cells expressing a dominant-negative form of Rac1 (Li et al., 2004) . One year later, the same group identified RhoGDI as the cytosolic GDI protein for Rac1 in β-cells and islets (Kowluru and Veluthakal, 2005) . A GEF protein, Tiam1, was later found to reside in the cytosolic compartment of β-cells and to display characteristic GEF activity for Rac1 (Veluthakal et al., 2009 ). NSC23766, a specific inhibitor of Tiam1-mediated activation of Rac1, markedly attenuated glucoseinduced but not KCl-induced insulin secretion. Similar to Cdc42, Rac1 is found on the granule, although no cycling proteins that are specific for Rac1 have yet been identified in that compartment. The right-hand arm of the flowchart in Fig. 4 depicts the steps mediated by Cdc42 and Rac1 in the signaling pathway that is proposed to underlie glucose-induced F-actin remodeling in the islet β-cell.
The role of Cdc42 in insulin secretion is not, however, restricted to its effects upon F-actin remodeling. In 2002, Cdc42 was first implicated in the targeting of insulin-containing granules to the SNARE protein syntaxin 1A (Daniel et al., 2002) . Then, in 2005, subcellular-fractionation analyses revealed that complexes of Cdc42 with the SNARE VAMP2 (see next section for details) formed on the insulin-containing granule and moved to the plasma membrane in response to glucose; this also corresponded temporally with the glucose-induced activation of Cdc42 (Nevins and Thurmond, 2005) . Further in vitro binding analyses showed that VAMP2 bound directly to Cdc42 and that a heterotrimeric Cdc42-VAMP2-syntaxin-1A could also be formed. The caveolar marker protein caveolin-1 (Cav-1) was later found to be a component of the Cdc42-VAMP2 complex, and was shown to interact directly with Cdc42 through a conserved motif within the Ras-binding domain of Cav-1 (Nevins and Thurmond, 2006) . Cav-1 was characterized as a novel GDI for the granule pool of Cdc42 in the β-cell, because it fulfils several parameters of classical GDI function -Cav-1 dissociates from the Cdc42-VAMP2 complex upon the glucose-induced activation of Cdc42, and depletion of Cav-1 from isolated islets and MIN6 β-cells results in elevated basal-level secretion and in ablation of the glucose-stimulated increase. Thus, we have speculated that, through its interaction with the Cdc42-VAMP2-bound insulingranule complex, Cav-1 might contribute to the specific targeting of granules to 'active sites' of exocytosis that are organized by caveolae (Nevins and Thurmond, 2006) .
The Rab family
The Rab GTPase protein family comprises more than 60 members (Grosshans et al., 2006; Izumi, 2007) . Among these, Rab3A and Rab27A have been shown to associate with insulin-containing granules of pancreatic β-cells (Regazzi et al., 1996; Yi et al., 2002) . Rab3A -/-mice were found to be glucose-intolerant, which could be accounted for by a significant loss in glucose-stimulated insulin release during both phases of secretion in islets that were isolated from these mice (Yaekura et al., 2003) . Similarly, Rab27A depletion from INS-1 cells decreased exocytosis that was triggered by a cocktail containing glucose, forskolin and isobutylmethylxanthine (IBMX) (Waselle et al., 2003) , and a line of mice with a naturally occurring mutation in Rab27A (known as ashen mice) exhibit defective glucose-stimulated insulin secretion (Kasai et al., 2005) . A series of capacitance measurements in β-cells from Rab3A
-/-and ashen mice revealed differences in the requirement for each Rab in the process of insulin exocytosis, whereby Rab3A was deemed to be crucial for initial RRP size and Rab27a was characterized as rate-limiting in RRP refilling (Merrins and Stuenkel, 2008) . As it remains a possibility that the Rab27 mutation of ashen mice is not the only mutation or alteration in this line, studies of Rab27 depletion and/or ablation will be required to ascertain its precise role(s) in biphasic secretion.
Two Rab27 effector proteins, Slac2-c (also known as MyRIP) and granuphilin, have been found to localize to insulin-containing granules (Wang et al., 1999; Waselle et al., 2003) . Attenuation of Slac2-c in INS-1 β-cells resulted in impaired insulin exocytosis in response to a secretagogue-cocktail stimulus (Waselle et al., 2003) . By contrast, islets isolated from granuphilin-null mice showed enhanced insulin release during each phase and the mice showed increased whole-body glucose tolerance (Gomi et al., 2005) . Unexpectedly, fewer than normal insulin-containing granules were docked at the plasma membrane in β-cells from the granuphilinnull islets. Although these data are seemingly counter-intuitive, granuphilin binds to the syntaxin-1A-Munc18a complex (Kasai et al., 2008; Tomas et al., 2008) , which is considered to be fusionincompetent (see the following section for details on the docking and fusion machinery); granuphilin-null β-cells contained fewer syntaxin-1A-Munc18a complexes and an increased amount of fusion-competent syntaxin 1A that could be used for rapid fusion of granules (Gomi et al., 2005) . Thus, the working model suggests that granuphilin is important for the docking of insulin-containing granules, and simultaneously imposes a fusion constraint on them through an interaction with the syntaxin-1A fusion machinery (Gomi et al., 2005) . The left arm of the flowchart in Fig. 4 , which has been drawn on the basis of currently available data, shows that Rab3A and Rab27A have roles in granule docking and/or priming.
The Ras-like family
Two members of the Ras-like GTPase family, Rap1 and RalA, have been implicated in β-cell insulin release. Rap1 was the first to be identified in β-cells, where its stimulus-induced carboxylmethylation was found to correlate closely with increased insulin secretion (Leiser et al., 1995) . The GEF protein identified for Rap1 is Epac2 (exchange protein directly activated by cAMP) (Bos, 2003; Leech et al., 2000; Zwartkruis and Bos, 1999), which mediates Rap1 activation by cAMP in β-cells. Activation of cAMP signaling potentiates both phases of glucose-induced fusion events, and a recent study using islets from Epac2 -/-mice showed that Epac2 was selectively important for cAMP-potentiated fusion events in the first phase of insulin secretion (Shibasaki et al., 2007) . The effects of GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), which potentiate glucose-stimulated insulin release, are also thought to be mediated through the Rap1 pathway (Ehses et al., 2001; Ehses et al., 2002; Kwan and Gaisano, 2005) . For example, GLP-1 rescues the first-phase defect in patients with type 2 diabetes, and this is mediated in part through cAMP-Epac2 signaling (Kwan et al., 2007) . More recently, RalA was discovered in β-cells, in which it was found to localize to the plasma membrane and cytosol but to be excluded from secretory granules (Lopez et al., 2008) . Depletion of RalA from INS-1 β-cells resulted in severe inhibition of depolarization-induced insulin exocytosis as determined by membrane capacitance, including a reduction in the size of the RRP and a decrease in the subsequent mobilization and exocytosis of the reserve pool of granules. In other cell types, RalA is known to mediate GTP-dependent exocytosis through interaction with the exocyst complex, so the exocyst complex has been implicated as a facilitator of insulin-granule tethering and docking (Lopez et al., 2008) . Thus, similar to the Rab proteins, Rap1 and RalA appear to function in the docking and/or priming steps of granule mobilization to the plasma membrane, as depicted in the central pathway of the flowchart in Fig. 4 .
It is evident that activation of GTPases in response to glucose is important, but how the GTPases are specifically activated remains unclear. Several studies have suggested that an increase in GTP levels, triggered by glucose metabolism, has an important role in insulin release (Metz et al., 1993; Metz et al., 1992) because glucose stimulates a threefold increase in the de novo synthesis of GTP, which is required (and can be rate-limiting) for insulin release. Moreover, selective depletion of GTP (with ATP levels remaining stable) completely abolished the glucose-induced augmentation of insulin release, which is often equated with the nutrient-specific second-phase insulin release. By sharp contrast, insulin release that was induced by KCl was relatively unaffected by GTP depletion, which indicates that nutrient-induced augmentation is distinguished by its GTP-dependence (Komatsu et al., 1998) .
SNARE proteins and their accessory factors
The first images of the fusion of insulin-containing granules with the plasma membrane during the process of insulin release were published in 1957 (Lacy and Davies, 1957; Lacy, 1961; Orci et al., 1973) . However, it was not until 1993 that the molecular basis for vesicle fusion and secretion, termed 'vesicle exocytosis', was elucidated by the discovery of SNARE proteins in neuronal cell types (Sollner et al., 1993a; Sollner et al., 1993b) . Vesicle exocytosis entails the pairing at the target membrane of a vesicle-associated membrane protein (VAMP), a v-SNARE, with a binary cognate receptor complex that comprises SNAP25 or SNAP23 and a syntaxin protein (both of which are t-SNAREs) (Calakos et al., 1994; Chapman et al., 1994; Fasshauer et al., 1997; Hayashi et al., 1994; Hayashi et al., 1995; Kee et al., 1995; Poirier et al., 1998) to form the heterotrimeric SNARE core complex. On the basis of these studies, investigators from the β-cell field discovered that SNARE core complexes were also responsible for regulated secretion of insulin from islet β-cells in response to increased blood glucose (Daniel et al., 1999; Jacobsson et al., 1994; Kiraly-Borri et al., 1996; Nakamichi and Nagamatsu, 1999; Regazzi et al., 1995; Sadoul et al., 1995; Wheeler et al., 1996; Yang et al., 1999) . Numerous recent reports link type 2 diabetes with single nucleotide polymorphisms (SNPs) and with alterations in the abundance of SNARE proteins (Ostenson et al., 2006; Romeo et al., 2008; Tsunoda et al., 2001) . Moreover, several animal models of insulin resistance and diabetes lack normal levels of these proteins (Chan et al., 1999; Nagamatsu et al., 1999) , and experimental induction of diabetes using streptozotocin results in loss of expression of SNARE proteins (Yechoor et al., 2004) . Table 1 lists the SNARE proteins and SNARE accessory proteins that are implicated in β-cell insulin secretion, and selected SNAREs and accessory proteins are discussed in more detail below.
The syntaxin family
In the 1990s, toxin-mediated cleavage of the SNARE syntaxin 1 was shown to inhibit 95% of KCl-induced insulin secretion, but only 25% of glucose-induced secretion, from cultured and primary islet β-cells (Land et al., 1997; Yang et al., 1999) . However, similar cleavage experiments revealed the absolute necessity for the v-SNARE VAMP2 in glucose-stimulated insulin release from islets (Lang, 1999; Regazzi et al., 1995; Sadoul et al., 1995) . Taken together, these data suggested that the syntaxin-1-based SNARE complexes are responsible for KCl-induced secretion, but that glucose-stimulated secretion probably involves a second VAMP2-dependent SNARE complex that does not include syntaxin 1. It is now known that pancreatic β-cells contain three additional plasma-membrane-localized syntaxin isoforms (syntaxins 2, 3 and 4), which suggests that additional SNARE complexes participate in the regulation of insulin secretion (Jacobsson et al., 1994; Lang, 1999; Sadoul et al., 1997; Wheeler et al., 1996) . In support of the early toxin studies, more recent perifusion studies using syntaxin 1A
-/-mouse islets show impaired first-phase secretion (correlated with a reduction in pre-docked granules), and normal second-phase secretion (Ohara-Imaizumi et al., 2007) . Concurrently, perifusion studies of islets from syntaxin 4 +/-mice revealed impairments in both phases of glucose-stimulated insulin release (Spurlin and Thurmond, 2006) , and islets isolated from transgenic mice overexpressing syntaxin 4 in pancreatic β-cells showed enhancements of both phases of secretion (Spurlin and Thurmond, 2006) . Additional studies that implicate syntaxin-4 accessory factors (detailed below) in glucose-stimulated insulin secretion further substantiate its role in this process (Ke et al., 2007; Saito et al., 2003) . The finding that numerous syntaxin isoforms are involved in glucose-stimulated insulin release echoes data from other cell systems that utilize multiple syntaxin isoforms, in which partitioning of SNARE interactions and localization of syntaxins to particular plasma-membrane sub-compartments has been implicated in differential modes of vesicle targeting and fusion (Low et al., 2006) . In one example in β-cells, there is evidence that syntaxin 4, but not syntaxin 1A, can directly associate with F-actin (Jewell et al., 2008a) .
Munc18 and Munc13 proteins -SNARE accessory factors
Concurrent with the discovery of SNARE proteins came evidence from yeast genetics that indicated a requirement for the Sec1 accessory protein in the regulation of SNARE-core-complex assembly (Ferro-Novick and Jahn, 1994) . This led to the later discovery of the mammalian Munc18 secretory proteins, which are now collectively referred to as the SM (Sec1/Munc18) protein family (Hata et al., 1993; Pevsner et al., 1994) . Islet β-cells contain all three Munc18 isoforms, which localize both to the plasma membrane and to the cytosolic compartment. Munc18a expression is restricted to neurons and islet β-cells, whereas Munc18b and Munc18c are more ubiquitously expressed. The Munc18 proteins show binding specificity for syntaxin isoforms, such that Munc18a and Munc18b associate with syntaxin isoforms 1-3, whereas only Munc18c can bind to syntaxin 4 (Garcia et al., 1995; Halachmi and Lev, 1996; Tellam et al., 1997; Tellam et al., 1995) .
Munc18a
In 2000, Munc18a was shown to associate with syntaxin 1A in rat islet β-cells and INS-1 β-cells (Zhang et al., 2000) . Through its interaction with syntaxin 1A, Munc18a has been shown to inhibit SNARE-complex assembly under unstimulated conditions or when it is overexpressed in β-cells; it has been proposed that this is because Munc18a can sequester syntaxin 1A in a 'closed conformation' that is not favorable for interaction with other v-or t-SNARE proteins (Dong et al., 2007) . However, as is the case for most known SM proteins, depletion of Munc18a from MIN6 β-cells resulted in reduced insulin exocytosis (Tomas et al., 2008) . Moreover, the study by Tomas and colleagues localized the defect to aberrant insulin-granule docking at the plasma membranespecifically, loss of coupling between granules and plasmamembrane syntaxin 1A, which, the authors show, occurs through a novel interaction with the granule protein granuphilin (Tomas et al., 2008) . Syntaxin 1A can also associate with the exocytosisinhibiting protein tomosyn and the Munc accessory factor double C2-like domain-containing protein β (Doc2β), although the function of these interactions in biphasic insulin release is untested (Cheviet Zhang et al., 2006) . Because Munc18a associates with the syntaxin-1A isoform, which is required for first-phase secretion only, it is hypothesized that Munc18a will also be required specifically for this phase, although this remains to be tested in islets.
Munc18c
Munc18c is expressed in primary mouse islets and clonal MIN6 β-cells, and has been shown to bind to syntaxin 4 in these cells (Oh et al., 2005; Spurlin and Thurmond, 2006; Wheeler et al., 1996) . Islets isolated from Munc18c +/-mice have a 50% reduction in glucose-stimulated insulin secretion (Oh et al., 2005) , and very recent data show that this is exclusively due to the ablation of second-phase release (Oh and Thurmond, 2009 ). Moreover, RNAimediated depletion and antibody immuno-depletion of endogenous Munc18c from MIN6 β-cells results in significant loss of glucosestimulated but not KCl-stimulated insulin secretion, supporting the hypothesis that Munc18c is required for second-phase secretion. Munc18c has been shown to undergo glucose-induced tyrosine phosphorylation at Y219 in MIN6 β-cells, which reduces its association with syntaxin 4 and simultaneously increases its binding to Doc2β (Jewell et al., 2008b; Ke et al., 2007; Oh and Thurmond, 2006) . Overexpression of Doc2β results in enhanced glucosestimulated insulin release, a glucose-stimulated reduction of syntaxin-4-Munc18c binding and a coordinate increase in syntaxin-4-VAMP2 association; these findings indicate a positive role for Doc2β in granule docking and/or fusion (Ke et al., 2007) . Interestingly, the associations of Doc2β with Munc18a and Munc18c are mediated through distinct calcium/phospholipid-binding (C2) domains of Doc2β (Ke et al., 2007) . A second Munc18c-binding factor, WNK1 ['with no lysine (K) 1'], was found to associate with Munc18c at the plasma membrane (as syntaxin 4 and Doc2β do), but it also bound to Munc18c in the cytosolic compartment . The WNK1-Munc18c interaction was not that of the typical kinase-substrate as Munc18c failed to act as a substrate for WNK1, although the complex was determined to be important for syntaxin-4-mediated insulin exocytosis . Further studies of depletion and ablation of WNK1 and Doc2β in islets will be necessary to determine whether their effects on insulin release are through Munc18c and are selectively required for the second phase of insulin release.
Munc13-1
Munc13-1 has been characterized as a priming factor in insulingranule exocytosis, in that it increases the size and release probability of the RRP in β-cells (Kwan et al., 2006) . Islets from Munc13-1 +/-mice exhibited impaired first-and second-phase insulin secretion (Kwan et al., 2007) . Munc13-1 protein contains a diacylglycerol (DAG)-binding domain, and this DAG-binding function is implicated in second-phase secretion (Kang et al., 2006) . Furthermore, overexpression of Munc13-1 has been demonstrated to facilitate the release of granules from β-cells (Sheu et al., 2003) . Similar to Munc18a, Munc13-1 can bind to syntaxin 1A and is believed to facilitate the transition of 'closed' syntaxin 1A to its 'open' form to facilitate association into SNARE core complexes. Interestingly, Munc13-1 has also been shown to interact with Doc2β [although this is via sites that are distinct from those that interact with the Munc18 isoforms (Orita et al., 1997; Verhage et al., 1997)] and, as such, might indirectly impact Munc18c function in secondphase secretion.
Conclusions and perspectives
Since the discovery decades ago that cortical F-actin and microtubule networks were present in β-cells, it has been widely accepted that these components regulated the partitioning and the mobility of insulin-containing granules. However, not until the past decade have we had the molecular tools, the mouse models and, most recently, the powerful microscopic devices with which to determine the molecular mechanisms that underlie this phenomenon. These recent advances have shown that F-actin does not simply act in a passive manner as a barrier between syntaxin-based fusion sites at the plasma membrane and the granules, but functions more as an active participant in corralling granules between pools and towards SNARE sites. F-actin is well suited to this task, as insulin release and RRP refilling must occur across the expanses of the β-cell, yet must be coordinated to occur simultaneously to achieve the precisely timed biphasic release of insulin. Because biphasic release is elicited by nutrients, with glucose being the most common nutrient used experimentally, glucose must be able to transmit signals to coordinate these simultaneous events.
The F-actin-remodeling small Rho-family GTPases Cdc42 and Rac1 have been shown to be intimately involved in selectively mediating the second phase of insulin release in response to nutrient signals, although the many cycling factors that must be required for these GTPases remain largely unidentified. Similarly, several Rab-and Ras-family GTPases are known to be involved in granule docking and/or priming but their roles in biphasic secretion in islets remain unconfirmed. This is a common lack among the proteins discussed in this Commentary, which cannot be integrated into the stimulus-secretion coupling models of second-phase insulin release until they are appropriately assessed in islets. Whether the mouse or rat islet best replicates the second-phase release pattern of human islets is also an issue (Berglund, 1980; Henquin et al., 2006) , as is whether the islets should be studied after time in culture or fresh after isolation. The appropriateness of capacitance measurements, TIRFM, islet perifusion and in vivo pancreatic perfusion as reliable methodologies to study second-phase insulin secretion also remains to be fully resolved (see Box 1). It becomes particularly important for TIRFM and capacitance methods to be adapted for studies of β-cells within the context of the islet as opposed to isolated cells, as results gained might differ from and challenge existing models (Gopel et al., 2004) . Resolution of these issues will certainly accelerate our progress towards gaining a detailed molecular understanding of events that underlie secondphase secretion.
